Influenza A viruses are enveloped viruses covered with surface glycoproteins, including two integral membrane proteins-hemagglutinin (HA), which possesses receptorbinding activity, and neuraminidase (NA), which possesses the sialidase activity required for the release of progeny viruses from the cell surface. Influenza A viruses are classified into subtypes based on their antigenic differences. To date 16 HA subtypes and 9 NA subtypes of viruses have been isolated from aquatic birds, the natural reservoir of influenza A viruses [16] . Among these subtypes are viruses belonging to the H5 or H7 subtype, which are highly pathogenic in domestic poultry.
In 1997, in Hong Kong, a pathogenic avian H5N1 influenza virus infected 18 people, 6 of whom died [2, 15] . All of the viruses isolated from patients contained only avian virus genes and were not reassortants with human viruses [2, 15] . These infections were, therefore, recognized as the first cases of direct transmission of influenza viruses from avian species to humans with lethal outcome. Fig. 1 ). Samples were inoculated into embryonated hen's eggs, and viral RNAs extracted from the virus-containing allantoic fluid by using a commercial kit (QIAamp Viral RNA mini kit, Qiagen, Hilden, Germany). HA and NA gene segments were amplified by RT-PCR using reverse transcriptase (SuperScript III Reverse Transcriptase, Invitrogen, CA, U.S.A.), DNA polymerase (PfuUltra High-Fidelity DNA Polymerase, Stratagene, CA, U.S.A.), and primers for the HA and NA genes of H5 viruses (available upon request). These PCR-derived dsDNAs were then cloned into a vector (TOPO vector, Invitrogen, CA, U.S.A.) and two or three clones of each isolate were sequenced with an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, CA, U.S.A.). All sequences were deposited in the Influenza Sequence Database (http:// daphne.lanl.gov/) [8] . Phylogenetic analysis (Fig. 2 ) was performed by using Clustal W program.
Sequence analysis of the HA genes from the nine isolates showed that all the HAs examined contained multiple basic amino acids at the cleavage site, although there were some variations (PQRERRRKKR/G, PQRERRKKR/G, and PQRERRRKR/G). Because HAs with multiple basic amino acids at their cleavage site are readily cleaved by ubiquitous cellular proteases [5, 14] , these nine isolates are likely to be highly virulent to chickens. The phylogenetic analysis of the HA genes showed that H5N1 viruses isolated after 2003, including the nine Vietnamese isolates in this study, can be divided into three clades ( Fig. 2A) (Fig. 2B) . The HAs of avian influenza viruses preferentially bind to receptors that terminate in an α(2,3)-linked sialic acid, whereas those of human viruses preferentially bind to receptors terminating in an α(2,6)-linked sialic acid [11, 13] . In the past three pandemics, the receptor-binding specificity of the pandemic viruses converted from the avian virus-preferred α(2,3)-linked sialic acid receptor to the human viruspreferred α(2,6)-linkage [3, 9] . Thus, for avian viruses to cause a pandemic among humans, the receptor-binding specificity of their HAs may have to change to α(2,6)-linked sialic acid specificity. Here, alignment of the HA amino acid sequences revealed that all of the poultry isolates examined in this study possessed Gln at position 226 and Gly at position 228 (in H3 numbering), which are known to be associated with binding to α(2,3)-linked sialic acids [12] . In addition, the other amino acids of the receptor-binding site (residues Tyr98, Ser136, Trp153, Ile155, His183, Asn186, Glu190, and Leu194) were identical among all nine isolates and to those of the HA of A/Hong Kong/156/97, an H5N1 virus isolated from a patient in Hong Kong in 1997 and known to preferentially bind to α(2,3)-linked but not α(2,6)-linked sialic acids [4, 10] . These results suggest that the HAs of these nine isolates would preferentially recognize α(2,3)-linked sialic acids. Thus, it is unlikely for these isolates to be efficiently transmitted among humans without Fig. 1 . Location of the Vietnamese provinces where avian H5N1 virus isolate samples were collected. additional mutations that would make them recognize α(2,6)-linked sialic acids.
Alignment of the NA amino acid sequences revealed that all nine isolates contain a 20-amino acid deletion in the stalk region. Such a deletion is associated with adaptation of influenza viruses from aquatic birds to chickens [10] . In fact, a similar deletion has been detected in other H5N1 viruses isolated since 2002 from land-based poultry in Viet-nam and other Asian countries [6] as well as in H5N1 viruses isolated in the 1997 outbreak in Hong Kong (e.g., A/ Hong Kong/156/97) [2] . Our findings, therefore, indicate that all of the isolates in our study have been adapted to land-based poultry such as chickens and quail.
Here, we have demonstrated that several groups of highly pathogenic H5N1 avian influenza viruses have been circulating among poultry in Vietnam, suggesting that H5N1 viruses of different lineages have been introduced into Vietnam multiple times. How these viruses were introduced into Vietnamese poultry remains unknown. Several possible routes exist, including introduction by wild birds, virus-contaminated materials, or imported poultry and ducks. Strict control of the introduction of potentially virus-contaminated materials into countries would help limit or prevent the establishment of these viruses in domestic birds; however, since the H5N1 virus is now part of the wild bird population [1, 7] , the virus can also be introduced into domestic poultry by wild birds. Continued surveillance of poultry for influenza infection is critical to minimize the magnitude of an outbreak and thus limit the risk of human infection.
